Abstract. Hepatocellular carcinoma (HCC) is the primary and most frequently occurring type of malignant liver cancer, accounting for 70-85% of total liver cancer cases worldwide. It has previously been demonstrated that the aberrant expression of microRNAs (miR) contributes to carcinogenesis and progression of various human malignancies, including HCC. However, mechanisms underlying the differential expression and specific roles of miR-187 in HCC remain to be elucidated, particularly regarding how the modulation of malignant phenotypes in HCC cells occurs. The present study demonstrated that miR-187 was significantly downregulated in HCC tissues and cell lines. Restoration of miR-187 expression inhibited cell proliferation, migration and invasion in HCC. Furthermore, insulin-like growth factor 1 receptor (IGF-1R) was demonstrated to act as a direct target gene of miR-187 in HCC. IGF-1R knockdown mimicked the effects of miR-187 overexpression in HCC, resulting in a significant inhibition of cell proliferation, migration and invasion. The results of the present study demonstrated that miR-187 acted as a tumor suppressor in HCC progression via direct targeting of IGF-1R. miR-187 may therefore exhibit the potential to act as a novel and therapeutic target for HCC treatment in the future.
Introduction
Hepatocellular carcinoma (HCC) is the most common malignant primary liver cancer and accounts for 70-85% of the total liver cancer cases worldwide (1) . It is the fifth most commonly diagnosed cancer and the third leading cause of cancer-related death worldwide, with an estimated over 500,000 new cases and 600,000 deaths due to HCC per year (2) (3) (4) . Development of HCC involves a variety of etiological factors, including infection with hepatitis B virus (HBV) and hepatitis C virus (HCV), chronic alcohol consumption, intake of dietary aflatoxin B1, arsenic exposure, obesity, and non-alcoholic fatty liver disease (5) (6) (7) . On the basis of tumor differentiation, HCC could be divided into four histological grades, including well differentiated (G1), moderately differentiated (G2), poorly differentiated (G3), and undifferentiated (G4) types (8) . Currently, surgical resection and liver transplantation are the major curative therapeutic strategies for patients with HCC (9) . Although great progress has been achieved in the diagnostic techniques and treatments of HCC, the prognosis remains unsatisfactory with an overall 5-year survival rate of only 5% (10) . The poor prognosis of HCC cases is a results of recurrence even after surgery, early invasion into blood vessels, intra-hepatic metastases and extra-hepatic metastases (11) . Therefore, it is necessary to fully understand the molecular mechanisms underlying the progression of HCC and explore novel efficacious therapeutic targets for this disease. microRNAs (miRNAs) are a type of endogenous, highly conserved and non-coding short RNAs with approximately 19-25 nucleotides in length (12) . By pairing to complementary binding sites within the 3'untranslated regions (3'UTRs) of their target genes, miRNAs suppressed their protein translation or induced degradation of target mRNAs (13) . As regulators of gene expression, miRNAs play a critical role in a wide range of important biological process, such as cell proliferation, differentiation, apoptosis, cell cycle, metabolism, invasion, metastasis, angiogenesis, immunity, and development (14) (15) (16) . Abundant reports have demonstrated that the aberrant expression of miRNAs contributes to carcinogenesis and progression of human malignancies, also including HCC (17) (18) (19) . Indeed, miRNAs are frequently located in genomic breakpoint regions
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and can act as tumor suppressors or oncogenes in human cancers, depending on the roles of their target genes (20) . For example, miR-548a-5p is upregulated in HCC and targets a tumor suppressor, Tg737, to promote cell proliferation and repress apoptosis (21) ; whereas miR-186 is downregulated in HCC and inhibits cell proliferation, migration and invasion via targeting Yes-associated protein 1 (22) . Therefore, miRNAs could be promising therapeutic targets for HCC patients.
In this study, we measured miR-187 expression in HCC tissues and cell lines, investigated its functions on HCC cells proliferation, migration and invasion, and explored its underlying molecular mechanisms. Our results demonstrated that miR-187 was downregulated in HCC and acted as a tumor suppressor through directly targeting insulin-like growth factor 1 receptor (IGF-1R).
Materials and methods
Ethic statement and tissues samples. The present study was approved by the Ethics Committee at Qianfoshan Hospital Affiliated to Shandong University (Jinan, China). All HCC patients in this study had not been treated with chemotherapy or radiotherapy prior to surgery section. Experimental procedure were performed following to the Declaration of Helsinki and the federal regulation on human research in the People's Republic of China. Sixteen HCC tissues and adjacent non-tumor tissues were collected at the Department of Hepatobiliary Surgery, Qianfoshan Hospital Affiliated to Shandong University (Jinan, China) between June 2013 and October 2014. All tissues samples were immediately frozen in liquid nitrogen and stored at -80˚C.
Cell culture. HCC cell lines, HepG2, SMMC-7721, Hep3B, and Huh7 were obtained from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China), and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA). The immortalized normal liver epithelial cell line, THLE-3, was purchased from ATCC (Manassas, VA, USA), and grown under the conditions provided by the manufacturer. All cells were cultured at 37˚C in a humidified incubator with 5% CO 2 .
Transient transfection. miR-187 mimics and miRNA mimics negative control (NC) were obtained from GenePharma (Shanghai, China). The duplexes of siRNA targeting IGF-1R (IGF-1R siRNA) and the negative control (NC siRNA) were purchased from RIBOBIO (Guangzhou, China). Cells were transfected with these oligonucleotide by Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA), in accordance with the manufacturer's instructions.
RNA extraction and quantitative real-time reverse transcription-PCR (qRT-PCR).
Expressions levels of miR-187 and IGF-1R mRNA were measured by using qRT-PCR. Total RNA was extracted from tissues or cells with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription was done with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA), followed by real-time PCR with SYBR Premix Ex Taq™ (Takara, Dalian, China). Relative miR-187 or IGF-1R mRNA expression were calculated as 2 -ΔΔCt and were normalized to U6 or GAPDH, respectively.
3-(4,5-dimethylthiazolyl-2-yl)-2-5 diphenyl tetrazolium bromide (MTT)
assay. HCC cells (3,000 cells/well) were seeded in 96-well plates. At 24 h following transient transfection, cells were cultured at 37˚C in a humidified incubator with 5% CO 2 for 1, 2, 3, and 4 days, respectively. At each time-point, MTT assay (Sigma, St. Louis, MO, USA) was performed. In briefly, 20 µl MTT solution (5 mg/ml) was placed in each well and cultured at 37˚C for additional 4 h. Subsequently, the culture medium was removed and replaced with 150 µl DMSO (Sigma). Cells were incubated at room temperature for 10 min, and the plates were shaken for 10 min with an Eppendorf Mixmate (Eppendorf, GRE) for fully dissolution of MTT crystals. The optical density (OD) at 490 nm was detected using a microplate reader (Bio-Rad, Richmond, CA, USA).
Migration and invasion assay. Cell migration and invasion were measured using a Transwell chamber model (8-µm pore size; Millipore, Billerica, MA, USA). Transfected cells were harvested 48 h post-transfection and suspended at a concentration of 3x10 5 cells/ml. For migration assay, 150 µl of the suspension was added into the upper chambers. For invasion assay, 150 µl of the suspension was placed into the upper chambers pre-coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). Cells were then incubated at 37˚C in a humidified incubator with 5% CO 2 for 48 h. Cells remaining in the upper chambers were removed carefully with cotton wool. Migrated or invaded cells through the membranes were fixed in 10% formalin and stained with 0.5% crystal violet. Five visual fields (x200) were randomly photographed from each membrane by using an inverted microscope. All experiments were performed in triplicate.
miR-187 target predictions. The putative targets of miR-187 were analyzed by using miRNA target prediction programs: miRDB (http://mirdb.org/cgi-bin/), and TargetScan (http://www.targetscan.org/).
Luciferase reporter assay. Luciferase reporter plasmids, pGL3-IGF-1R-3'UTR Wt and pGL3-IGF-1R-3'UTR Mut, were constructed by GenePharma. For luciferase reporter assay, HEK293T cells were seeded into 24-well plates and grown to 60-70% confluence. Cells were co-transfected with pGL3-IGF-1R-3'UTR Wt or pGL3-IGF-1R-3'UTR Mut, and miR-187 mimics or NC using Lipofectamine ® 2000. Transfeted cells were incubated at 37˚C in a humidified incubator with 5% CO 2 for 48 h and harvested for luciferase activities measurement with Dual-luciferase reporter assay system (Promega). Firefly luciferase activities were normalized to its corresponding Renilla luciferase activities.
Protein extraction and western blot. After transfection 72 h, cells were collected for total protein extraction using radio-immunoprecipitation assay (RIPA) buffer supplemented with protease inhibitors (Roche, Shanghai, China). BCA Protein Assay kit (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to measure total protein concentration. Equivalent proteins were separated on a 10% SDS-polyacrylamide gel (PAGE) and transferred to polyvinylidenefluoride (PVDF) membranes (Millipore, Boston, MA, USA). In order to block non-specific binding, the membranes were then incubated with 5% skim milk in Tris-buffered saline and 0.1% Tween-20 (TBST) at room temperature for 1 h. Subsequently, the membranes were probed with mouse anti-human IGF-1R monoclonal primary antibody (1:1,000 dilution, ab985) and mouse anti-human GADPH monoclonal primary antibody (1:1,000 dilution, ab127428) (both from Abcam, Tokyo, Japan), at 4˚C overnight. After washing with TBST, goat anti-mouse horseradish peroxidase conjugated secondary antibody (1:5,000 dilution; Abcam) were added for 2 h at room temperature. Finally, the signal was visualized using enhanced chemiluminescence (Millipore, Billerica, WI, USA).
Statistical analysis. All data were presented as mean ± SD., and compared using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Double-tailed P<0.05 was considered to be statistically significant.
Results

Expression of miR-187 was downregulated in HCC tissues
and cell lines. To investigate miR-187 expression in HCC, we compared its expression levels between HCC tissues and their adjacent nontumor tissues. Results of qRT-PCR showed that expression of miR-187 was lower in HCC tissues than those in adjacent nontumor tissues (Fig. 1A, P<0.05) . Furthermore, the miR-187 expression was also measured in HCC cell lines as well as immortalized normal liver epithelial cells THLE-3. The results showed that miR-187 was downregulated in all HCC cell lines compared with THLE-3 (Fig. 1B, P<0 .05). HepG2 and Hep3B cell lines, expressed relatively lower expression of miR-187, were chosen as representatives for further functional experiments.
miR-187 overexpression inhibited cell proliferation, migration and invasion of HCC.
To investigate the biological functions of miR-187 in HCC, miR-187 mimics was used to increase its expression in HepG2 and Hep3B cells (Fig. 2A, P<0 .05). MTT assay showed that upregulation of miR-187 significantly inhibited the HepG2 and Hep3B cells proliferation (Fig. 2B, P<0 .05). The migration and invasion abilities of HepG2 and Hep3B cells were also dramatically reduced by miR-187 overexpression (Fig. 2C, P<0 .05). These results suggested that miR-187 may act as a tumor suppressor in HCC.
IGF-1R was a target gene of miR-187.
It is generally believed that miRNAs play critical roles in biological process through negatively regulation of their target genes via directly binding to the 3'UTR. To understand the mechanism underlying the tumor suppressive roles of miR-187 in HCC, we searched for its downstream target genes. Bioinformatic analysis revealed that IGF-1R may be a direct target gene of miR-187 (Fig. 3A) . First, we detected IGF-1R mRNA expression in HCC tissues and their adjacent nontumor tissues by using qRT-PCR. Interestingly, IGF-1R mRNA was significantly upregulated in HCC tissues in comparison with adjacent nontumor tissues (Fig. 3B, P<0 .05). Moreover, Spearman's correlation analysis found an inverse correlation between miR-187 and IGF-1R mRNA expression in HCC tissues (r=-0.7719, P=0.0005, Fig. 3C ).
To further confirm this hypothesis, the pGL3-IGF-1R-3'UTR Wt or pGL3-IGF-1R-3'UTR Mut were transfected into HEK293T cells together with miR-187 mimics or NC. The results showed that the relative luciferase activities of pGL3-IGF-1R-3'UTR Wt was obviously decreased in miR-187 mimics group as compared with NC group (Fig. 3D, P<0.05) . However, the luciferase activities of pGL3-IGF-1R-3'UTR Mut was unaffected by co-transfection of miR-187 mimics.
The downregulation of IGF-1R protein in HepG2 and Hep3B after transfection with miR-187 mimics further confirmed that IGF-1R was a direct target gene of miR-187 (Fig. 3E, P<0.05) . Moreover, upregulation of miR-187 had no regulation effect on IGF-1R mRNA expression, indicating miR-187 regulated IGF-1R expression at post-transcriptional level (Fig. 3F, P>0.05 ). These results demonstrated that IGF-1R was a direct target of miR-187.
IGF-1R knockdown inhibited cell proliferation, migration and invasion of HCC.
To determine whether IGF-1R was a functional target of miR-187 in HCC, HepG2 and Hep3B cells were injected with IGF-1R siRNA or NC siRNA. Western blot analysis showed that IGF-1R was reduced both in HepG2 and Hep3B cells following to transfection with IGF-1R siRNA (Fig. 4A, P<0.05) . Functionally, IGF-1R knockdown could simulate the effects of miR-187 overexpression on HCC, resulting in a significant inhibition of cell proliferation (Fig. 4B, P<0 .05), migration and invasion (Fig. 4C, P<0 .05). These results provided further evidences that IGF-1R was a functional target of miR-187 in HCC.
Discussion
The dysregulation of miR-187 occurs frequently in many human cancers. miR-187 expression was observed to be downregulated in both renal cell carcinoma tumor tissue and plasma. Reduced miR-187 was closely correlated with higher tumor grade and stage. Moreover, renal cell carcinoma patients with low miR-187 level have poor prognosis compared with patients with high miR-187 expression (23) . In colorectal cancer, expression level of miR-187 was lower in tumor tissues and cell lines. Kaplan-Meier analysis revealed that reduced miR-187 expression was associated with shorter overall survival and relapse-free survival of patients with colorectal cancer (24) . Consistent with these results, downregulation of miR-187 was also found in prostate cancer (25) and lung cancer (26, 27) . However, others have reported that miR-187 was upregulated in certain tumor types. In ovarian cancer, expression of miR-187 was higher in tumor tissues, and its expression was obviously correlated with better overall survival and recurrence-free survival. Further, multivariate analysis indicated that miR-187 served as an independent prognostic factor for patients with ovarian cancer (28) . These conflicting findings suggest that miR-187 has a tumor and tissue-specific expression pattern. In our current study, miR-187 was found to be significantly downregulated in HCC tissues and cell lines, which provides additional information about the expression level of miR-187 in human cancer. Several lines of evidence implicate the miR-187 in cancer development. Zhao et al demonstrated that ectopic of miR-187 expression suppressed cell growth and motility in vitro, and decreased cell growth in vivo trough directly targeting B7-H3 (23) . In non-small cell lung cancer, upregulation of miR-187 inhibited cell proliferation, colony formation, migration, invasion, and induced apoptosis via suppression of BCL-6 expression (27). Wang et al found that miR-187 repressed cell proliferation, migration, invasion, and promoted cell apoptosis of colorectal cancer by negatively regulation of CD276 (24) . Study by Lynam-Lennon et al reported that miR-187 overexpression improved sensitivity of esophageal adenocarcinoma cells to X-ray radiation and cisplatin (29) . These studies provided evidences to suggest that miR-187 functions as a tumor suppressor; however, others have reported that miR-187 may play an oncogenic role in other human cancers. For example, restoration of miR-187 promoted ovarian cancer cells proliferation, migration and epithelial-to-mesenchymal transition via blockade of Disabled homolog-2 (28). These conflicting observations also indicate that functions of miR-187 has a tumor and tissue-specific dependence. In this study, for the first time, we demonstrated that enforced miR-187 expression in HCC cells inhibited cell proliferation, migration and invasion. These studies suggested that miR-187 play significant roles in tumor development.
Furthermore, our data also verified that IGF-1R was a direct functional target of miR-187 in HCC. There are several lines of evidence to demonstrate this. First, bioinformatic analysis showed that 3'UTR of IGF-1R contained potential binding sites of miR-187. Second, IGF-1R mRNA was upregulated in clinical HCC tissues and inversed correlated with miR-187 expression. Third, upregulation of miR-187 suppressed luciferase activities of pGL3-IGF-1R-3'UTR Wt, and this suppressive effect could be abolished by mutation of the miR-187 seed binding sites, suggesting miR-187 could directly targeted the 3'UTR of IGF-1R. Fourth, miR-187 overexpression decreased IGF-1R protein expression, but not IGF-1R mRNA expression of HCC, indicating miR-187 regulated IGF-1R expression at posttranscriptional level. Finally, the suppressive effect of IGF-1R knockdown on HCC cells were similar with those induced by miR-187 overexpression. These results demonstrated that the tumor suppressive roles of miR-187 was partly mediated by downregulation of IGF-1R.
IGF-1R, a member of the insulin receptor family of receptor tyrosine kinases, has been reported to be upregulated in multiple types of cancer, such as HCC (30) , prostate cancer (31), lung cancer (32), gastric cancer (33), bladder cancer (34) and so on.
Significant amount of studies demonstrated that IGF-1R is capable of mediating both IGF-I and IGF-II signaling and regulates a great deal of cellular processes including cell cycle, migration, metabolism, survival, proliferation, and differentiation (31, (35) (36) (37) . Increasing studies suggested that IGF-1R knockdown could inhibit cell growth (38, 39) , invasion (40) , and improve cell apoptosis (38, 40) and chemo-sensitivity (39) . These findings provide sufficient evidence that IGF-IR plays important roles in hepatocarcinogenesis and HCC progression, and therefore may be a promising therapeutic target.
In conclusion, we demonstrated that miR-187 was downregulated in HCC tissues and cell lines. Overexpression of miR-187 inhibited HCC growth and metastasis through directly targeting IGF-1R. These findings provide insights into the pathogenesis and development of HCC, which could be used to explore novel therapeutic strategies for HCC treatments.
